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157] ABSTRACT

An extra high frequency T-section digital phase shifter
apparatus having a pair of back to back diodes con-
nected between the input and output terminals with a
parallel circuit connected between the common junc-
tion and ground. The shunt parallel circuit has an induc-
tor in parallel with the series combination of a capacitor
and a diode to provide a balanced insertion loss at each
diode switching state. When the diodes are in the for-
ward-biased state they act as closed short circuit
switches and in the shunt circuit, the inductance reso-
nates with the diode capacitance to provide a perfect
transmission for the RF signal.

8 Claims, 3 Drawing Figures
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T-SECTION DIGITAL PHASE SHIFTER
APPARATUS |

STATEMENT OF GOVERNMENT INTEREST

The invention described herein may be manufactured
and used by or for the Government for governmental

purposes without the payment of any royaity thereon.

BACKGROUND OF THE INVENTION

The present invention relates broadly to a phase
shifter apparatus, and in particular to a T-section digital
phase shifter apparatus.

In modern high frequency radar and communication
systems, the antenna pattern must be moved at very
rapid rates and this is normally achieved 1n array anten-
nas through the use of a matrix of small radiator ele-
ments whose radiation phases are systematically and
electronically varied. The necessary phase gradients
across the antenna are usually generated in discrete
steps by a plurality of such electronic phase shifter
elements.

A major handicap in the prior art phase shifter ele-
ments has been in the inability to exactly reproduce the
diodes upon which the characteristics of the diode
phase shifter elements are significantly dependent.
However, this problem has been essentially solved by
semiconductor manufacturers, so that attention has
turned to the improvement of the phase shifter elements
themselves. The design of the present phase shifter
elements permits it beneficially to be physically smaller
than the conventional elements of the loaded transmis-
sion line type.

In the military market, there is an increasing demand
to design monolithic-digital phase shifters with very
low insertion loss requirements. As the frequency in-
creases, the insertion loss requirements become difficult
to meet. Recent advances in the art have produced a
4-Bit monolithic digital phase shifter which uses con-
ventional design approaches but only achieves about 5
dB insertion loss at 10 GHz which is excessively large
for most military applications. Clearly, there is a need
for new techniques in designing monolithic digital
phase shifters with low insertion loss at high frequencies
(X-Band and above). In the present invention, a T-sec-
tion digital phase shifter suitable for extra high fre-
quency applications with low loss and excellent phase
tracking capability (i.e. wide bandwidth) is presented.
The T-section digital phase shifter can easily be imple-
mented as a monolithic circuit on many available sub-
strates, such as, Si, GaAs, GalnAs, InP, etc.

SUMMARY OF THE INVENTION

The present invention utilizes a pair of diodes which
are connected back to back between the input and out-
put of the circuit. A parallel resonant circuit which is
comprised of an inductor in parallel with a capacitor
that is in series with a diode, is arranged in a T configu-
ration at the common junction between the back to back
diodes. The T-section digital phase shifter apparatus

exhibits easy practical implementation with balanced

insertion loss at each diode switching state. Therefore,
it will find wide application in the extra high frequency
military communication, system design.

It is one object of the present invention, therefore, to
provide an improved extra high frequency T-section
digital phase shifter apparatus. -
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It is another object of the invention to provide an
improved extra high frequency T-section digital phase
shifter apparatus wherein the resonant circuit comprises
an inductor in parallel with a capacitor which is in series
with a diode.

It is yet another object of the invention to provide an
improved extra high frequency T-section digital phase
shifter apparatus wherein the parallel combination of an
inductor and a capacitor in series with a diode 1s ar-
ranged between the common junction of the back to
back diode combination to common input/output line.

It is still another object of the invention to provide an
improved extra high frequency T-section digital phase
shifter apparatus wherein the insertion loss of the phase
shift circuit is balance for each diode conducting state.

These and other advantages, objects and features of
the invention will become more apparent after consider-
ing the following description taken in conjunction with
the illustrative embodiment in the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of the extra high fre-
quency T-section digital phase shifter apparatus accord-
ing to the present invention,

FIG. 2 is a schematic diagram of the extra high fre-
quency T-section digital phase shifter apparatus in
which the diodes are reversed-biased, and,

FIG. 3 is a schematic diagram of the extra high fre-
quency T-section digital phase shifter apparatus in
which the diodes are forward-biased.

" DESCRIPTION OF THE PREFERRED
EMBODIMENT

Turning now to FIG. 1, there is shown an extra high
frequency T-section digital phase shifter apparatus ac-
cording to the preferred embodiment of the present
invention. The T-section digital phase shifter apparatus
comprises a pair of back to back diodes D1, D2 which
are connected between the input and output terminals
10, 12. A shunt circuit which comprises an inductor L4
in parallel with the series combination of capacitor Cg
and diode D3 is connected between the common junc-
tion of the back to back diode combination to a common
input/output line 14. It should be noted that in FI1G. 1,
the diodes D1, D2 are identical and may be planar pin
diodes in a series configuration. The diode D3 may have
identical electric and physical characteristics as the
diodes D1 and D2, however, it could be either a planar
or a mesa pin diode in the shunt configuration.

The operation of the extra high frequency T-section
digital phase shifter apparatus will be better understood

‘when the following description is taken in conjunction

with FIGS. 2 and 3. In FIG. 2 there is shown the equiv-
alent schematic diagram of the extra high frequency
T-section digital phase shifter apparatus in which the
diodes D1 through D3 of FIG. 1 are reversed-biased
(BIT-OUT-State). When the diodes D1, D2 are rev-
ersed-biased (BIT-OUT-State), the series circuit from
the input 20 to the output 22 comprises the series combi-
nation of the reversed-biased equivalents of the diodes
D1, D2 which are respectively resistances R,1, R,2 and
the capacitors Cpi, Cp2. In the reversed-biased mode,
the shunt circuit branch reduces to the parallel combi-
nation of the inductor L4 in the series with the equiva-
lent circuit elements of diode D3 which are resistor Rx3
and capacitor C3 and the capacitor Cp.
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When the diodes D1, D2 and D3 are reversed biased
(BIT-IN STATE), they act as the capacitors Cq, Cp, C3
with a small series reverse resistance R,;, R;3, R;3. In
this state, the reactive circuit elements capacitors Cji
through C3, and C4, and the inductor L 4 are computed
in such a way that the desired phase shift Ad is achieved
with no transmission loss at the center frequency, f, of
the passband.

The element values of the T-section digital phase
shifter apparatus can be computed using the following
design equations:

_ A )

71 = tan (%—

C=mn+ \l'nz-i-l

(1)

)

1 4+ C2 ()

L ===5¢

(4)
1 (5)

where A is the desired phase shift which is specified as
a design parameter. The element values for the capaci-
tors C, Cp and the and inductor L 4 are all normalized
with respect to center frequency f, and the resistor R,
which is specified as the normalization number (gener-
ally Ryo==50()). The value of capacitor C in the Equa-
tions (2) and (3) is equal to the value of capacitors Cy
through Cj3 respectively.

Referring now to FIG. 3, there 1s shown the equiva-

lent schematic diagram of the extra high frequency
T-section digital phase shifter apparatus wherein the
diodes D1, D2 and D3 of FIG. 1 are forward-biased
(BIT-IN-State). When the diodes D1 and D2 are for-
ward-biased, the series circuit from the input 30 to the
output 32 comprises the forward resistance, Ry of the
diode D1 in series with the forward resistance Ry of the
diode D2.

When the diodes D1, D2 and D3 are forward biased
(BIT-OUT-State), they act as closed circuit switches
with a small series resistance Ry (FIG. 3), and in the
shunt branch, the inductance L4 resonates with the
capacitor Cp providing a perfect transmission for the
RF signal. Thus, the T-section digital phase shifter is
perfectly matched at the center frequency f, for both
BIT-IN and BIT-OUT states. Therefore, there is no
intrinsic mismatch loss associated with the design tech-
nique of the extra high frequency T-section digital
phase shifter apparatus at the center frequency, fo.
However, the small losses due to practical realization of
the circuit elements are inevitable.

The extra high frequency T-section phase shifter
apparatus which 1s shown in FIG. 1 can be implemented
etther with discrete components or as a monolithic chip.
The diodes D1, D2 and D3 should be fabricated such
that when they are reversed biased, they yield the de-
sired actual capacitance C, which is defined by the
equation:

A C

— 2mfRe

10

135

20

29

30

35

40

45

30

33

60

65

4

where the capacitor C is defined by Equation (2).
The lumped capacitor Cpis defined as:

where the capacitor Cp1s defined by Equation (4), an
is realized as a layer structure. |
The inductance L4 1s defined as:

Ly
R

Lg= 27 F, 0>

where L 41s defined by Equation (5), may be fabricated
as open or shunt stub transmission line for monohlithic
approach or as a piece of bond wire for discrete ap-
proach. The DC Biasing of the diodes is conventional.

Although the invention has been described with ref-
erence to a particular embodiment, it will be understood
to those skilled in the art that the invention is capable of
a variety of alternative embodiments within the spirit
and scope of the appended claims.

What i1s claimed 1s:

1. An extra lmgh frequency T-section digital phase
shifter apparatus comprising in combination:

a first and second diode means connected back to
back to form a series circuit with a first common
junction therebetween, the cathode of said first
diode means forming an input terminal for an Rf
signal, the cathode of said second diode means
forming an output terminal, said first and second
diode means having a first and second state,

a shunt circuit ccmprising a first inductor means in
parallel with first capacitor means which is in series
with a third -diode means, one end of said third
inductor means connected to one end of said first
capacitor means to form a second common junc-
tion, said second common junction connected to
said first common junction between said first and
second diode means, the other end of said first
inductor means connected to one end of said third
diode means to form a third common junction, said
third common junction connected to ground, said
third diode means having a first and second state.

2. An extra high frequency T-section digital phase
shifter apparatus as described in claim 1 wherein said
first, second and third diodes means are identical.

3. An extra high frequency T-section digital phase
shifter apparatus as described in claim 2 wherein said
first state of said first, second and third diode means is
the forward-biased state and said second state of said
first, second and third diode means is the reverse-biased
state.

4. A extra high frequency T-section digital phase
shifter apparatus as described in claim 3 wherein the
insertion loss of said digital phase shifter apparatus at
both said first and second state of said first, second and
third diode means is perfectly matched.

S. A extra high frequency T-section digital phase
shifter apparatus as described in claim 3 wherein said
first, second and third diode means in said first state
each respectively comprise a small forward resistance,
Ry

6. A extra high frequency T-section digital phase
shifter apparatus as described in claim 3 wherein said
first, second and third diode means in said second state
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each respectively comprise a capacitance, Cp and a
reverse resistance, R,.

7. An extra high frequency T-section digital phase
shifter apparatus as described in claim 5 wherein said
series circuit between said input and output terminal
comprises a first forward resistor Ry in series with a

second forward resistor Rp, and,

said shunt circuit comprises said first inductor means ;,

in parallel with the series combination of said first
capacitor means and a third forward resistance Rys.
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8. An extra high frequency T-section digital phase
shifter apparatus as described in claim 6 wherein when
said first, second and third diode means are in said sec-
ond state said series circuit between said input and out-
put terminal comprises a first capacitor Cp: in series
with a first reverse resistor R,1, and a second capacitor
Cps in series with a second reverse resistor R,3, and,

said shunt circuit comprises said first inductor means

in parallel with the series combination of said first
capacitor means, a third reverse resistor R,3, and a

third capacitor Cps.
* 2 & 3 x
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